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Numerical Modeling of Shielding by a Wire Mesh Box

Gerald J. Burke and David J. Steich
Lawrence Livermore National Laboratory
Livermore, CA 94550

Introduction

The rebar mesh in concrete walls often represents a primary means for shielding the inside
of a building from fields due to lightning or other sources, or for preventing unintended radiation
from sources in the building. Real situations can be very complicated, with the rebar mesh
embedded in concrete and involving ground, grounding structures, apertures in the walls and
conductors penetrating the walls. For this paper we consider the simple case of a plane wave
incident on a wire mesh box to examine the effects of mesh parameters and evaluate the accuracy
of the modeling codes for this application. The modeling was done with the NEC—4 moment
method code, and also a FD'TD code where the mesh box was modeled with rows of conducting
cells, and a FDTD code coupled to a thin-wire model [1]. We also have looked at the effects of

wires penetrating the mesh, a thin gap in the mesh, unbonded junctions and excitation by nearby
currents rather than a plane wave.

In the next section we will briefly describe the numerical modeling methods used. Next,
results are shown for a plane wave incident on a wire mesh box. The effect of varying the wire
spacing, wire radius and frequency are demonstrated. Results from moment-method and FDTD

codes are compared for validation, and the shielding is also compared with the analytic results
developed by Casey [2].

Numérical Modeling Methods

Results for the mesh box were obtained by running a finite difference time domain (FDTD)
code and a frequency domain moment method code NEC-4 [3]. Advantages of a moment method
code such as NEC for modeling the mesh box are that wires can have arbitrary radius and location,
and electric and magnetic fields can be computed at arbitrary locations near the structure. Also,
the low frequency response can be obtained from one or a few frequency evaluations, while a time

domain solution might need to be run for a long time period in order to extract the low frequencies .
from a Fourier transform.

A limitation of NEC for this application is that results become inaccurate when the spacing
between wires in the mesh is less than several times the wire diameter. The error due to the
thin-wire approximation will be demonstrated in our results. However, the conductor spacing for
most rebar will probably be such that a thin-wire model will be suitable. Another limitation of
NEC for modeling the mesh box is an instability that can occur with electrically small loops. The
problem is seen as an erroneous loop current that grows as the inverse of frequency due to the
moment-method matrix becoming ill-conditioned. Loop currents were seen in the mesh box at

low frequencies, but did not appear to have a significant effect on the field evaluated at the center
of the box.

The FDTD results for the box were obtained from a code using the Yee algorithm [4] with
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Fig. 1. Field at the center of a wire mesh box w1th 1 m side and five cells per side; NEC model Wlth number of
segments per mesh cell of 1 (solid), 2 (short dash) and 4 (long dash).

cubic cells and a PML absorbing boundary. It was found that a relatively thick PML region (12
cells) was needed to avoid reflections that would distort the low frequency response. The basic Yee
algorithm is not well suited to modeling thin wires. A linear conductor can be represented with
a string of highly conducting cells, but the diameter of the equivalent round wire is uncertain,
but somewhat less than the cell width. We used this approach for modeling a mesh of thick wires
where the NEC thin-wire model would not be accurate. To model wires thinner than the cell size
we used the method described by Holland [1], in which transmission line differential equations
representing the wire current and voltage are coupled to the equations for fields in the mesh. The
box was excited with an incident plane wave having a Gaussian profile with full-width-half-max
of about three times the width of the box. Shorter pulses would excite resonant modes in the box
which would ring for a long time and were not of interest for the study of lightning effects. The
solution was run for about 2000 time steps, and the response was then extended in time using
the Generalized Pencil of Functions technique [5] until it had decayed to a very small value. The
extended response was then Fourier transformed and deconvolved with the Gaussian pulse.

An error in loop currents similar to that seen in NEC was observed in the FDTD results for
the mesh box. In the time domain it is manifest as a residual DC current in the loops that would
flow forever after the actual response has decayed away. In a Fourier transform these DC currents
would contribute an inverse frequency term at low frequencies as seen in NEC. This similarity to
NEC could be expected, since the Yee algorithm expressed in integral form uses the field at the

center of each edge to approximate the line integral of field around a face, similar to the point
sampling in NEC.

Shielding by a Mesh Box

A box one meter on a side was chosen to study the shielding from a plane wave. Since NEC
computes the scattered near field due to currents; the code had to be modified to add the incident
plane wave field. The cancellation of incident and scattered fields will increase the relative error
when shielding is high. The excitation in NEC was a plane wave of 1 V/m incident along the z
axis with electric field in the z direction. The resulting E, at the center of the box with 5 cells
per side, and wire spacing of 0.2 m, is shown in Figure 1 for wire radii of 0.01 m and 0.001 m.
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Fig. 2. NEC results for shielding by a 1 m mesh box with number of mesh cells per side of 5 (solid), 10 (shoft
dash) and 21 (long dash).
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Fig. 3. FDTD solution for the field at the center of a wire mesh box with 1 m side and five mesh cells per side,
using the thin-wire algorithm. The FDTD cell size was varied to test convergence.

In both cases the field is seen to remain relatively constant at low frequencies, then go into a
null around 60 MHz and then begin rising as the electrical size of the mesh cells becomes larger.
These NEC models were run with 1, 2 and 4 segments per side of each mesh opening (segment
lengths of 0.2 m, 0.1 m and 0.05 m) to test the convergence of the solution. Convergence is good
for a wire radius of 0.001 m, but more variation is seen for the 0.01 m radius due to the increased
cancellation of fields. The field at the center of the 1 m box is shown in Figure 2 for 5, 10 and
21 mesh cells per side and wire radii of 0.001 m and 0.01 m. The reduced mesh size relative to
- the box size is seen to increase shielding, while shielding still becomes independent of mesh size
relative to wavelength at low frequencies.

FDTD solutions for the same mesh box, with 1 m sides and five mesh cells per side, are shown
in Figure 3. The thin-wire algorithm [1] was used to include the wires, and the FDTD cell size
was varied from 0.1 m to 0.025 m to test convergence. NEC results using four segments per side
of a mesh cell are included for comparison. The result for 0.1 m cells with a wire in every other
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interior fields can be expected to increase as Fig. 4. FDTD solution for the field at the center of the
the shielding becomes more complete with in-  mesh box with 1 m sides and five mesh cells per side.
creased conductor radius or increasing num-  Wires were modeled as strings of conducting cells with a
ber of conductors in the walls. wire in every fourth cell with 0.05 m cells (solid) and in

every eighth cell with 0.025 m cells (dashed).
The null that occurs around 57 MHz in

the electric field at the center of the box is a characteristic feature of all of these results. The -
transfer function for field can be approximated as an inductance only at frequencies well above
this null. This notch was also observed in the measurements made by Nyffeler et al. [6]. Since it
occurs at too low a frequency to be associated with a resonant mode, it appears that it may be
the result of interference between fields entering the box through different paths. To investigate
this phenomena and attempt to get a better understanding of how the field enters the box, we
tried modeling the box with some faces solid and some with mesh. The FDTD code was used with
wires represented as strings of conducting cells, since with this code it is easy to make selected
faces solid so that they are totally impenetrable by the field. A NEC mesh model will always have
some leakage, even when the wire radius a and separation d are set for the “equal area” condition
2ma = d. In the results here the term “TE faces” refers to the four faces on which the incident
electric field is transverse to the face normal. “TM faces” refers to the other two faces where the
incident H is transverse to the normal and F is normal to the face.

The modeling results showed that for frequencies from zero through 57 MHz the field entering
through TM faces was nearly in phase with the phase of the incident field outside the box, while
field entering through TE faces (mainly the face that the wave was incident on) had nearly constant
phase through the box in the direction of the wave propagation. The interference of these fields
produced the null on a plane across the center of the box. No null was seen away from the center
position. The field entering the box through TM faces was dominant at low frequencies, and
remained relatively constant to about 70 MHz. The field entering through TE faces increased
approximately linearly with frequency, and exceeded the field from TM faces above about 57
MHz, so the null occurs when the two modes are equal and canceling. The null was seen in
cubical boxes, but not when the box dimension parallel to the incident electric field is stretched
to two or more times the other dimensions.
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Fig. 5. Comparison of the transmission coefficient for normal incidence on an infinite mesh with the FDTD
solution for a box with mesh on all sides and mesh on only the TE faces.

These numerical results were compared with analytic approximations derived by Casey [2] for
the shielding by a wire mesh. Casey’s results are based on a surface impedance operator derived
from the space-averaged tangential electric field and space-averaged surface current density on
the mesh. He applies this analysis to several cases, including a plane wave incident on an infinite
mesh screen and quasistatic shielding by a mesh enclosure. For a plane wave incident normal to
an infinite mesh, Casey’s transmission coefficients reduce to

. p—2mafd\—1
T — dpowlog|(1 — e )~ (1)

V()2 + [dpow log{(1 ~ e~2na/a)-1]]?

where d is the width of the square mesh cells and a is the wire radius. If the exponentials are
replaced by two terms of their small argument approximation (1) reduces to

T - dpow log (3%;)
\/(m,)? + [dpowlog (52)]

which is equivalent to the result derived by Lamb [7].

_ o8

The transmission coefficient 7 is"compared in Figure 5 with FDTD results for the field at
the center of the 1 m mesh box with 1 V/m wave incident normal to a face. In the FDTD model
the wires were represented as strings of highly conducting cells with five openings per side of
the box and a FDTD cell size of 0.05 m. Thus there were three free-space cells between wires,
with the conductors spaced by four cells or d = 0.2 m. With strings of conducting cells, the
radius of the equivalent round wire is somewhat uncertain but is expected to be in the range of
0.015 to 0.02 m for the 0.05 m cell size. In addition to the FDTD result for mesh on all sides
of the box, Figure 5 includes the result for mesh on the four TE faces with the two TM faces
solid. As expected, the result for mesh only on TE faces is in better agreement with 77 than with
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Casey’s transmission coefficient 77 and
the simpler form 7 are compared in Figure 6
with the numerical solution for a plane wave &
normally incident on an infinite, uniform mesh 0.10-
with d = 0.2 m and frequency of 30 MHz.
The numerical results are from a 2D moment
method solution using the thin-wire approxi-
mation for the infinite mesh. The boundary
condition was matched on the wire axis. For ?E_4 S S . PR
the “A” result the current was located on the " wire radius (I;l) '
wire surface with a displacement transverse
to the direction to the evaluation point, while

for the “B” result the current was numerically Fig. 6. Comparls.on'of the(transrlmssif)n coeflicients Tj
] ) and T3 for normal incidence on an infinite mesh with the
integrated around the wire. L . e .

- numerical solution for an infinite screen of parallel wires

The electric field was evaluated at a dis-  With wire spacing 0.2 m and wire radius varied.
tance 0.5 m behind the mesh, the same dis- ' '
tance as the center of the 1 m box. All results
are in agreement when wire radius @ is much less than the wire spacing d. This agreement con-
tinued to hold as frequency was reduced to below 10 KHz, which indicates that the difference
between the transmission coeflicient and the field in the box is not due to near field effects. As the
wire radius is increased, the numerical result goes into a null at 2ra = d and then increases for
larger wire radius. Since the transmitted field should go to zero when the wires touch at 2a = d,
Casey’s transmission coeflicient is giving a credible result, while Lamb’s approximation shows the
same behavior as the thin-wire numerical models. This behavior of the thin-wire approximation
to over estimate the shielding in the vicinity of 2wa = d is known as the “equal area rule” and is
often used when it is desired to make a mesh represent a solid surface. However, in this case it
represents an error in greatly over estimating the shielding.

0.15+

8.85

Casey [2] also uses the surface impedance operator to derive expressions for shielding by wire
mesh enclosures. He considers infinite parallel plates, a cylinder and a sphere, but the results -
for electrostatic shielding involve the enclosure shape only through the surface area and volume
of the enclosure. For an enclosure with volume V, and surface area S, his result for the ratio of
electrostatic field in the shielded region to field in the absence of the shield is

Ve
leSe

-1
Te = (1 + > where [, = Z;d; log[(1 — e_Q“G/d)_l]. (3)
This result is compared with numerical results for the 1 m mesh box with d = 0.2 m in Figure
7. The numerical values up to a radius of 0.01 m were obtained with NEC for a frequency of 10
KHz. Since the NEC result for 0.01 m radius converged slowly, as seen in Figure 1, the values
for one and four segments per side of the mesh cells are plotted in Figure 7. Also, the thin-wire
approximation in NEC may over estimate the shielding for thick wires, as was seen in Figure 6.
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The value plotted at 0.02 m radius in Figure 7 is from the FDTD code with a cell size of 0.05
m and wires modeled as strings of conducting cells. The numerical results show good agreement
in trend with equation (3), although they are lower by about 3 dB. In Figure 8, NEC results for
boxes with 5, 10 and 21 cells per side are compared with equation (3) for varying d and wire radii

of 0.001 and 0.01 m. Again, the results agree in trend, but NEC results are about 3 dB lower
than Casey’s result.

Conclusion

Wire mesh cages were modeled using a thin-wire moment method code (NEC) and FDTD
with either a thin wire algorithm or strings of conducting cells. All of these methods were found to
be capable of giving accurate results for the shielding. When the conductor diameter was increased
to about an eight to a quarter of the conductor spacing the FDTD code with conducting cells
was the preferable method, since the thin-wire moment method over estimated the shielding while
the thin-wire FD'TD algorithm became unstable. As the shielding became more complete due to
increased conductor diameter or number of conductors the error in the scattered field solution -
(NEQ) increased and convergence became slow due to the cancellation of fields.

The shielding of the mesh cage was found to become independent of frequency for wavelengths
much greater than five times the cage size, but continued to depend on the mesh size relative to
cage size down to essentially zero frequency. For wavelengths less than about 1/5 of the cage size
the field entering the cage increased roughly linearly until the cavity resonance was approached.
The shielding was found to be predicted reasonably well by the plane wave transmission coefficient
for higher frequencies (but below resonance). Low frequency shielding was in general agreement
with Kendal Casey’s result for electrostatic shielding by an enclosure, but the field in the box was
about 3 dB less than Casey’s result.

We also modeled mesh boxes modified with unbonded junctions, gaps and penetrating wires.
- An analytical result by Wait [8] showed greater shielding with unbonded junctions than with
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bonded junctions for an infinite mesh: There are also measurements that support this result
[9]. However, the NEC model for the box showed no difference between unbonded and bonded
junctions at low frequencies. With unbonded junctions on the 1 m box a resonance occurred
around 60 MHz where the field in the box was a few dB above the field of the incident wave. .
From about 80 to 150 MHz there was again little difference. A thin gap encircling the top of the
box on three sides also had little effect on field penetration at low frequencies but introduced a
resonance around 50 MHz where the field inside was over 10 dB greater than the incident field.
Of course, a gap completely encircling the box allowed field to enter down to low frequency. A
wire penetrating into the cage without bonding to the mesh also allowed field to enter to low
frequencies. When the wire was bonded to the mesh it increased the field in the cage by a smaller

amount, but resulted in a large field penetration when either the interior or exterior parts of the
wire were resonant.

Results of using wires to represent the lightning current showed that it is easy to introduce
artifacts associated with resonances and charge concentrations on the ‘lightning” wire that are not

related to the actual lightning. More thought needs to be given to the way the lightning should
be represented in a more complete model.

Work performed under the auspices of the U. S. Department of Energy by the Lawrence Livermore National
Laboratory under Contract W-7405-Eng-48.
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